Background. Over time, improvements have been made in dentifrices and recently bioactive components have been added. It is important to address the abrasivity of these dentifrices, which can cause wear of dental restorative materials.
Introduction
Since the introduction of restorative materials to the dental field, a paradigm shift has been observed toward esthetic dentistry, and due to the esthetic demands, more emphasis has been put on color-, shade-, texture-, and shape-matching materials, like resin-based composites (RBCs). 1 Resin-based composites have been used to restore damaged, aged and traumatized teeth. 2 The physical and mechanical properties of esthetic restorative materials provide an indication of how the material will behave in the oral environment. While using these materials, an important property to be considered is surface roughness. This property has a high impact on the quality of the esthetic restoration in terms of color stability and gloss. 3 Tooth brushing is considered a significant factor in improving oral health 4 ; on the other hand, some untoward effects of using a toothbrush and dentifrices on color stability and surface roughness have been observed. [5] [6] [7] [8] It has been reported that brushing increases the surface roughness and subsequently leads to plaque accumulation. 3, 9, 10 What has to be taken into consideration is the abrasiveness of the dentifrice. Some studies have claimed that dentifrices might cause the deterioration of restorative materials. 8, 11 The size of particles and the type of abrasive agents used have an influence on the abrasiveness of the dentifrice. 5, 12 A desire to improve the quality of oral hygiene has given rise to many types of dentifrices. Experimental toothpaste, containing 5% calcium sodium phosphosilicate has shown a positive effect with regard to the reduction in sensitivity. 13 A comparative in vitro study showed that calcium sodium phosphosilicate-based dentifrices (i.e., NovaMin ® ; GSK, Brentford, UK) showed a significant increase in microhardness and a decrease in surface roughness of the tooth structure.
14 The bioactive glass material has been used in toothpaste to impart some advantages, such as dentinal tubule occlusion and the remineralization effect. It has been observed that the addition of bioactive glass (45S5 bioglass) affects the subsurface and surface erosion of the enamel by improving the micro-hardness of the enamel. 15 However, the 45S5 bioglass used in the toothpaste was harder than the enamel tissue; therefore, it could wear the enamel. 16 Another study has reported that the DP-bioglass toothpaste has a considerable effect on reducing sensitivity by sealing dentinal tubules. 17 Fluoridated toothpaste plays a positive role in preventing dental caries and the remineralization effect on the early stages of a carious lesion, and subsequently, it can slow down the demineralization process. 18 The fluoride ions can inhibit the production of bacterial acids in dental plaque by changing the metabolic process of bacterial flora. 19 Zinc oxide (ZnO) is known for its anti-gingivitis and bactericidal effect. 12, 20 Dentifrices containing ZnO have also been demonstrated to have a positive effect on the dentin by reducing demineralization. 21 Moreover, due to its antibacterial and anti-gingivitis action, zinc (Zn) has been incorporated into bioactive glass dentifrices, and it is suggested that increasing the content of Zn in dentifrices could result in a better antibacterial and anti-gingivitis effect. 20 Fluoride-doped bioactive glass (F-BG) has recently been synthesized by our group and the long-term fluoride release behavior of F-BG as well as its effect on pH has been evaluated. 22 Zinc oxide nanoparticles used in this study have been synthesized in our laboratory. 23 The purpose of this study was to utilize F-BG (with 5 mol% concentration of fluoride in bioactive glass), ZnO nanoparticles and titanium dioxide (TiO 2 ) as active agents in experimental dentifrices and compare their physical and mechanical effect on different restorative materials with a commercial dentifrice. Previously, bioactive glassbased dentifrices had been evaluated as a remineralizing agent on tooth surfaces. However, the authors could not find any study where any toothpaste containing bioactive glass had been applied on restorative materials and evaluated in terms of the surface roughness changes, microhardness and color stability. The null hypothesis was that the effect of experimental and commercial dentifrices on dental restorative materials would be the same.
Material and methods
In this study, 3 commercially used restorative materials were applied: Filtek TM Bulk Fill (3M ESPE, Seefeld, Germany), Filtek Z350 XT (nano-hybrid composite; 3M ESPE) and GC Fuji II LC (resin-modified glass-ionomer cement (RMGIC); GC Corp., Tokyo, Japan). The composition of these materials is given in Table 1 . A commonly used commercial dentifrice, Colgate Advanced Whitening (Colgate-Palmolive Company, New York, USA) was used as the control (CT) and 3 experimental dentifrices, containing F-BG, ZnO nanoparticles and TiO 2 powder as active ingredients, were synthesized in our laboratory. Initially, the basic ingredients were prepared, and then TiO 2 (1.5% (w)) and ZnO nanoparticles (3% (w)) were added. Fluoride-doped bioactive glass was used in various concentrations, i.e., 1.5%, 2.5% and 3.5% (w/w), and the experimental dentifrices were denoted on the basis of these concentrations as ExpT-A, ExpT-B and ExpT-C, respectively. The composition of both the control and experimental dentifrices is given in Table 2 .
Sample preparation
The restorative materials were used as received, and samples were prepared according to the manufacturers' instructions. A total of 96 disc-shaped (10 mm in dia meter and 2 mm in height) samples of each group were prepared in a custom-made silicone mold. After being placed in a mold, the light-cured based restorative material samples were photoactivated using high-intensity LED blue light ( LITEX TM 695C Cordless LED Curing Light; Dentamerica, Inc., City of Industry, USA), with the intensity of 1,200 mW/cm 2 and the wavelength of 470 nm. The samples were placed on a glass slab and covered with a Mylar strip to avoid an oxygen inhibition layer, and were cured for 60 s from both sides. For RMGIC, the capsular type was used and properly condensed in a mold. After photoactivation, all samples were polished with alumina paste using a polisher (MetaServ TM 250 Grinder-Polisher with Vector ® Power Head; Buehler, Lake Bluff, USA). The polished samples were sonicated and washed with water to remove any particles of the polishing paste. The samples of each material were divided into 4 main groups (n = 24) based on the dentifrices and prepared for pre-treatment analysis (microhardness, surface roughness and color stability testing). After this, the samples were treated with the dentifrices.
Tooth brush simulation
The groups of materials were subjected to each dentifrice in the toothbrush simulator ZM-3.8 (SD Mechatronik GmbH, Feldkirchen, Austria). Prior to the start of testing, each dentifrice was mixed with distilled water at a 1:2 ratio (1 g of dentifrice to 2 mL water) to make a slurry. The slurry was applied to each toothbrush (manual, medium toothbrush; TARA Toothbrush Company, Dammam, Saudi Arabia). The prepared samples were put in a silicone mold and placed in an appropriate place. It was ensured that the samples contacted the toothbrush head once in each cycle. A load of 200 g was applied to the toothbrush head so that it contacted the samples; it was controlled by a central drive system. A total of 6 manual toothbrushes were placed and fixed in the holders, in which the head of the brush with its nylon bristles was seated perpendicular to the specimens, mounted at the same level, with the bristles touching the specimens without bending. Then, the machine was programmed to perform a complex motion. The reciprocation and speed were 2 mm and 160 cycles/min, respectively, up to 5,000 cycles (simulating 6 months). After that, the specimens were analyzed with regard to the 3 parameters -micro-hardness, surface roughness and color stability. Then, they were reinserted into the brushing machine to complete 10,000 cycles (simu lating 1 year). The motion sequences were done by a programmed optional software module. After completing the cycles, the samples were examined again. 
Vickers micro-hardness measurement
Vickers micro-hardness value for all samples was evaluated using the MicroMet ® 6040 tester (Buehler) before and after the treatment cycles. The indent load was adjusted to 200 g and the dwell time was 10 s. A total of 8 samples from each group were evaluated and 3 indents were taken on each sample.
Surface roughness measurement
To evaluate the 3D surface roughness before and after the treatment, 8 samples were examined using the Contour ® GT-K optical microscope (Bruker Optics, Inc., Billerica, USA) under the load of 50 g for 15 s, with the vibration resistance, air isolation, time-tested properties, which provided an accurate result in terms of repeatability and quantity.
Color stability measurement
Regarding the evaluation of color stability, the Color-Eye ® 7000A spectrophotometer (X-rite, Grand Rapids, USA) was used with the International Commission on Illumination (Commission internationale d'eclairage -CIE) L* a* b* based on the same illuminant against a black and white background (L* refers to a gray degree corresponding to lightness; a* stands for the red-green axis; and b* for the blue-yellow axis). The spectrophotometer was used before and after the brushing simulating process for each group (n = 8). The calibration of the unit was performed before measurement according to the manufacturer's instructions. The color change (ΔE) was calculated using the following formula:
where ΔL*, Δa*, Δb* represent differences in L*, a*, b*, respectively, before and after brushing.
For statistical analysis, one-way analysis of variance (ANOVA) Tukey's post hoc test was used with IBM SPSS Statistics software v. 22 (IBM, Inc., Armonk, USA). For significant difference, the p-value was set at 0.05.
Results

Vickers micro-hardness measurement
The micro-hardness results of all samples before and after the treatment are given in Fig. 1 . The values for the resin-based composites (Filtek Bulk Fill and Filtek Z350 XT) showed an insignificant difference (p ≥ 0.05) before and after the toothbrushing treatment as compared to the control and all 3 types of experimental dentifrices. An insignificant difference (p ≥ 0.05) in the micro-hardness values was observed among the experimental dentifrices after the treatment with 5,000 and 10,000 cycles. For RMGIC (GC Fuji II LC), all dentifrice treatments showed a significant difference (p ≤ 0.05) in values, with the values decreased after the treatment.
Surface roughness measurement
The surface roughness was analyzed before and after the treatment, and the images of all groups are given in Fig. 2-4 . The Ra values for all samples are given in Table 3 . The surface roughness increased along with the treatment, and it was observed that the values for the resin-based composites (Filtek Bulk Fill and Filtek Z350 XT) and RMGIC (GC Fuji II LC) showed a significant difference (p ≤ 0.05) before and after the toothbrushing treatment as compared to the control and all 3 types of experimental dentifrices. Among these, RMGIC showed higher surface roughness compared to the resin-based composites, whereas the nano-hybrid composite showed the least. The change in the surface roughness values was irrespective of an increase in the concentration of F-BG in the experimental dentifrices. 
Color stability measurement
In terms of color stability, all samples showed an insignificant difference (p ≥ 0.05) as compared to the control and to the 3 experimental dentifrices for all the cycles -pre, post-5,000 and post-10,000. The values are given in Fig. 5 .
Discussion
The influence of dentifrices on the surface of restorations have been noticed and their effect has been linked to dentifrice ingredients. Components such as bioactive glass, calcium carbonate, ZnO, TiO 2 , and other, which have the capability to influence the substratum surface, subsequently influence the characteristics of esthetic restorative materials. The dentifrices exerted a significant effect on the surface roughness when comparing the control and treated samples. The presence of active ingredients in the experimental dentifrices, i.e., F-BG, TiO 2 and ZnO, showed a significant effect. The effect with regard to the various concentrations of F-BG in the samples was insignificant. The presence of abrasive particles in the dentifrice is a factor that affects the surface roughness of the esthetic restoration. The surface roughness of esthetic restorations have been further linked on a deeper level to the size and type of the abrasive agent used. 5 In another aspect, different behavior has been observed with respect to the composition of the restorative materials. The nano-hybrid composite has been CT -control (commercial dentifrice); ExpT-A, ExpT-B, ExpT-C -experimental dentifrices; SD -standard deviation. noticed to present a smaller change in the surface roughness than the bulk-fill one. This difference is claimed to be due to the filler particles, which can be displaced, causing more surface exposure of the weak parts of the composite (the organic matrix). The distribution and size of the filler have an impact on the surface roughness. 4, 8 In this study, the resin-based composites showed an insignificant change in the micro-hardness values and less increase in the surface roughness as compared to RMGIC. The results were justified by the fact that composites have silane coupling agents, which bind the filler particles chemically with the resin matrix, and the same material accounts for their hydrolytic stability. 13 The presence of zirconia and silica particles resulted in more resistance in terms of surface roughness; however, it was increased. Compared with micro-particles, the nano-particle-based composite showed relatively better results. The resin-modified glass-ionomer cement contained alumina-silicate particles, and their interaction with dentifrices caused more surface roughness and wear, and subsequently, the micro-hardness values changed.
Prior to the treatment, all samples were polished, because delivering a restoration which has well-polished, smooth surface gives the most favorable esthetic result, with less plaque accumulation. 3, 24 It is reported that 0.2 µm of surface roughness is a critical value in the retention of bacteria, while surface roughness of 0.3 µm can be detected by the tongue. 3, 25 In this study, the surface roughness result for Filtek Bulk Fill after 5,000 cycles of brushing with ExpT-A and ExpT-C was favorable, with a value of <0.2 µm. However, the Ra value after proceeding to 10,000 cycles of brushing with the same experimental toothpastes (ExpT-A and ExpT-C) increased to >0.2 µm, though not exceeding 0.3 µm. The Ra values for Filtek Z350 XT after 5,000 cycles with ExpT-A and ExpT-C were <0.2 µm. After completing 10,000 cycles with ExpT-C, the Ra value remained below 0.2 µm, whereas with ExpT-A, the Ra value increased to >0.2 µm, though not exceeding 0.3 µm.
In assessing the effect of the dentifrice on the microhardness of the restoration, one should take into consideration the dentifrice pH. It is reported that dentifrices with natural or acidic pH values cause more micro-hardness changes than alkaline ones. 26 An analysis of pH of the experimental dentifrices is beyond the scope of the present study. However, it will be published later. In our previous study, it was observed that pH of F-BG (5 mol%) was 8.0 in deionized water and upon aging it did not change significantly. 22 It is anticipated that the presence of alkaline contents (both F-BG and ZnO nanoparticles) as active agents made these experimental dentifrices alkaline. Therefore, an insignificant difference was observed related to the micro-hardness of RBCs. The presence of F-BG in an aqueous medium can lead to the breakage of bonds within a bioactive glass network, as the network breakage reaction is highly sensitive to the attack of molecular water. This breakage can enhance the dissolution rate of bioactive glass, and subsequently, the effect on the properties of restorative materials. It may leave deposits on the surface of these materials, and alter the physical and mechanical properties. It has been reported that the presence of fluoride in bioactive glass results in slower dissolution as compared to bioactive glass alone. 27 However, the dissolution of bioactive glasses is a complex process and there is still no complete consensus on the basic mechanism.
Limited studies have been conducted to evaluate the color stability of esthetic materials after using dentifrices. Previously, it was reported that along with the application of whitening dentifrices, significant changes in color stability were observed. 11 However, this study showed insignificant changes with regard to the application of the commercial and experimental dentifrices. Regarding the effects of the commercial and experimental dentifrices on the samples, no difference was observed in color stability, surface roughness or micro-hardness. However, more roughness and change in the microhardness values were noticed along with the increase in the concentration of the active ingredient in the experimental dentifrices. On the basis of these evaluations in the current study, it is suggested that among these toothpaste groups, the experimental dentifrices with 3.5% F-BG and 3% ZnO as active ingredients showed better performance in terms of micro-hardness and surface roughness. It is also expected that these active ingredients have the potential to reduce demineralization and hypersensitivity, and increase the antibacterial properties of the toothpaste. However, these characteristics are beyond the scope of the present study and will be presented later.
Conclusions
It appears from this study that introducing experimental dentifrices containing fluoride-based bioactive glass and ZnO oxide have a safe effect on esthetic restorations. This study is considered to be a pioneer in evaluating the effects of bioceramic and metal oxide-based experimental dentifrices on esthetic restorations. Future studies are needed with patient involvement, for better simulation of normal circumstances, to give a more precise assessment of experimental dentifrices.
